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ABSTRACT
We have identified stellar and substellar members in the nearby star cluster Coma
Berenices, using photometry, proper motions, and distances of a combination of 2MASS,
UKIDSS, URAT1, and Gaia/DR2 data. Those with Gaia/DR2 parallax measurements
provide the most reliable sample to constrain the distance, averaging 86.7 pc with a
dispersion 7.1 pc, and the age ∼ 800 Myr, of the cluster. This age is older than
the 400–600 Myr commonly adopted in the literature. Our analysis, complete within
5◦ of the cluster radius, leads to identification of 192 candidates, among which, after
field contamination is considered, about 148 are true members. The members have
J ∼ 3 mag to ∼ 17.5 mag, corresponding to stellar masses 2.3–0.06 M. The mass
function of the cluster peaks around 0.3 M and, in the sense of dN/dm = m−α, where
N is the number of members and m is stellar mass, has a slope α ≈ 0.49 ± 0.03 in
the mass range 0.3–2.3 M. This is much shallower than that of the field population
in the solar neighborhood. The slope α = −1.69 ± 0.14 from 0.3 M to 0.06 M, the
lowest mass in our sample. The cluster is mass segregated and has a shape elongated
toward the Galactic plane. Our list contains nine substellar members, including three
new discoveries of an M8, an L1 and an L4 brown dwarfs, extending from the previously
known coolest members of late-M types to even cooler types.
Keywords: stars: evolution – stars: luminosity function, mass function — stars: brown
dwarfs — open clusters and associations: individual (Coma)
1. INTRODUCTION
Stars are formed in groups out of interstel-
lar molecular clouds. Those clusters that re-
main gravitational bound, i.e., surviving inter-
nal dynamics and external disturbances, appear
as star clusters. Stellar aggregates provide the
early evolutionary environments for a star, in
which planets and moons are formed. Since
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members in a star cluster are formed essentially
at the same time, and share similar composi-
tions, space motions, and spatial locations in
space, star clusters have been used extensively
for studies of stellar evolution, tests and calibra-
tions of stellar atmospheric models, clustered
star formation, starburst processes, or stellar
dynamics (Brandner et al. 2008; Rochau et al.
2010; Gennaro et al. 2011).
An embedded or infrared cluster may not re-
main gravitationally bound as the turbulent
parental cloud disperses (Lada & Lada 2003).
Later on through mutual gravitational inter-
action, higher-mass members lose kinetic en-
ergy and sink to the center, whereas lower-
mass members gain speed and occupy a progres-
sively larger volume of space. Those that ex-
ceed the escape velocity of the system, notably
the least-massive members at the time, would
be most vulnerable of being thrown out (“stel-
lar evaporation”) to supply as field stars (e.g.,
Mathieu 1984), with an evaporation timescale
τevap ≈ 100 (D/v) (0.1N/ lnN), for a system of
N equal-mass stars, of a size scale D and typical
velocity v (Shu 1982; Binney & Tremaine 1987;
Bhattacharya et al. 2017).
It is not clear if there is an “initial mass func-
tion” for star clusters; namely, if more massive
systems are favored or less preferred in forma-
tion. It is plausible that most star clusters we
witness now are remnants of massive systems
such as those super star clusters seen near the
Galactic center (e.g., Brandner et al. 2008), the
Orion Nebular cluster (e.g., Hillenbrand 1997),
and the pristine globular clusters. In addition to
internal stellar dynamics, Galactic disturbances
also act to disintegrate a star cluster, with ef-
fects such as the tidal disruption from nearby
giant molecular clouds or star clusters, passages
through spiral arms or disks, or shear forces aris-
ing from Galactic differential rotation. While
the youngest systems are shaped by the parental
cloud structure (Chen et al. 2004), tidal distor-
tion is evidenced in many open clusters or even
in globular clusters (Chen et al. 2004; Chen &
Chen 2010; Bhattacharya et al. 2017). Only a
recently dissolved star cluster in the solar neigh-
borhood may be recognized as a star moving
group, if the then-members still share common
space position and kinematics (Zuckerman &
Song 2004).
While low-mass stars are susceptible to ejec-
tion, their total mass plays a decisive role in
the survival of a star cluster (de Grijs & Par-
mentier 2007); a cluster must have a sufficient
number of low-mass stars to have longevity
(& 1 Gyr) against external stirring (de Grijs
2009). Nearby young systems such as Hyades
(∼ 47 pc, 625 Myr), Praesepe (∼ 170 pc,
757 Myr, (Ga´spa´r et al. 2009; van Leeuwen
2009)) and the Coma Berenices star cluster (∼
90 pc, 600 Myr, (Tsvetkov 1989; van Leeuwen
1999)) are particularly suitable targets to iden-
tify the low-mass stellar or even substellar mem-
bers in the context of cluster disintegration.
The Coma Berenices star cluster (Melotte 111,
hereafter Coma Ber, R.A.=12h25m, Decl.=26◦06′,
J2000) was first listed by Melotte (1915), with
Trumpler (1938) pioneering in characterization
of its stellar members. Despite its proximity, the
cluster has been relatively poorly studied due
to its large sky coverage (> 5◦), hence the dif-
ficulty in distinguishing members against field
stars. Casewell et al. (2006) combined 2MASS
(Two Micron All Sky Survey) and USNO-B1.0
(by United States Naval Observatory) data to
identify some 100 possible cluster members.
Using optical and 2MASS photometric data,
Melnikov & Eislo¨ffel (2012) identified very low-
mass candidates to the limit of I < 20.1 mag in
an area of 22.5 deg2, with no proper motion con-
straints except removal of high proper-motion
stars. Five of their candidates have luminosities
and colors consistent with being brown dwarfs.
Terrien et al. (2014) included SDSS/APOGEE
(Sloan Digital Sky Surve, Apache Point Obser-
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vatory Galactic Evolution Experiment) radial
velocity data in membership determination, and
found a few K and early-M members that were
previously unknown.
Kraus & Hillenbrand (2007) conducted a com-
parative study between Praesepe and Coma
Ber, using the 2MASS, SDSS, USNOB1.0 and
UCAC-2.0 (USNO CCD Astrograph Catalog)
surveys for photometric and astrometric mem-
ber selection. They found a clear mass seg-
regation in Praesepe, i.e., with massive stars
being concentrated toward the central region
whereas lower-mass member occupying progres-
sively large volume in space, but not in Coma
Ber, which has a similar linear size but was
thought to be somewhat younger. Wang et
al. (2014) confirmed the mass segregation in
Praesepe, and concluded that the lowest-mass
members they detected, ∼ 0.1 M, are being
stripped away.
Here we present a comprehensive characteri-
zation of the stellar and substellar member can-
didates of Coma Ber. We first summarize the
archival data on photometry, astrometry, and
distance used in this work, and then report
how membership is determined. A set of bright
candidates with parallax distances serve as the
high-confidence sample to constrain the cluster
parameters, such as the distance, age, and size,
etc., which in turn guide the identification of
faint stellar and substellar candidates. We then
present the infrared spectroscopy that confirm
the brown dwarf nature of these members. With
a sample of stellar and substellar members, we
derive the luminosity function, mass function,
shape, and dynamical status of the cluster. For
a star with no parallax measurement available,
we derive the distance by first estimating its
spectral type from photometric colors, and then
comparing the observed flux to the expected lu-
minosity for that spectral type. We describe the
method in Appendix.
2. DATA AND ANALYSIS
In this work, stellar membership is diagnosed
by grouping of stars in position in space and
in kinematics. For bright stars, we use 2MASS
photometry and URAT1 (USNO Robotic Astro-
metric Telescope) proper motions, whereas for
faint stars, we analyze both the photometry and
proper motions from the UKIRT Infrared Deep
Sky Survey (UKIDSS) Galactic Clusters Survey
(GCS, Lawrence et al. 2012). Distance infor-
mation comes from parallax measurements by
Gaia/DR2, or estimated by the spectral type.
2.1. Archival Data for Distance
Distance determination is based on parallax
measurements whenever available by Gaia/DR2
(Gaia Collaboration et al. 2018). Gaia is a space
mission designed for astrometry by the Euro-
pean Space Agency, launched on 19 December
2013. The latest data release (DR2) includ-
ing the first 22 months of the nominal mission
lifetime, contains celestial positions and appar-
ent brightness for ∼ 1.7 billion sources, among
which 1.3 billion also have parallaxes and proper
motions available (Lindegren et al. 2018). For
our study the empirical limit for the Gaia/DR2
is J ∼ 15 mag, and only measurements with
$/∆$ > 10 are considered in the analysis,
where $ is the parallax and ∆$ is the error
(Lindegren et al. 2018).
For an object with no parallax data, we esti-
mate its spectral type via multi-band photome-
try, from which the distance is derived. Pho-
tometric data in optical wavelengths include
those of SDSS/DR12 (Alam et al. 2015) and
PS1 (Panoramic Survey Telescope and Rapid
Response System, Chambers et al. 2016). In
a few cases we utilize the SDSS flags to dis-
tinguish a star from a galaxy. For photometry
extending to mid-infrared wavelengths, “ALL-
WISE” (Cutri et al. 2013) has been used, which
combines the data of WISE (Wide-field Infrared
Survey Explorer, Wright et al. 2010) in the
cryogenic phase of the mission, and NEOWISE
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(Mainzer et al. 2011) in the first post-cryogenic
phase.
2.2. Archival Data for Proper Motion and
Photometry
Proper motions are taken from Gaia/DR2
when available, as long as the measurements
are reliable, again with $/∆$ > 10. Al-
ternatively, proper motions are extracted from
URAT1 (Zacharias et al. 2015), which is an
astrometric catalog as a follow-up project of
UCAC. In addition to proper motions, with typ-
ical errors 5–8 mas yr−1, URAT1 provides pho-
tometry in one single “f” band (between R and
I). URAT1 covers almost the entire northern
sky and extends down to Declination −15◦ in
some areas, cataloguing over 228 million objects
at a mean epoch around May 2013. A large
fraction (83%) of the URAT1 entries (3′′ match-
ing radius) list 2MASS J , H, and Ks magni-
tudes. Some 16% of URAT1 sources are sup-
plemented with five-band photometry (BVgri)
from the AAVSO Photometric All-Sky Survey
(APASS).
In our analysis, photometry is taken from
2MASS whenever available. The 2MASS Point
Source Catalog (Skrutskie et al. 2006) has the
10σ detection limits of J ∼ 15.8 mag, H ∼
15.1 mag, and Ks ∼ 14.3 mag, and satu-
rates around J ∼ 9 mag, H ∼ 8.5 mag, and
Ks ∼ 8 mag.
The UKIDSS/GCS aimed to measure the very
low-mass end of the stellar mass functions in
10 star clusters. As for other UKIDSS surveys,
the Large Area Survey (LAS) covered only the
edge of Coma Ber, whereas the Galactic Plane
Survey (GPS) did not include Coma Ber at all.
Proper motions are available for UKIDSS/GCS
starting with DR9 (Collins & Hambly 2012;
Smith et al. 2014). For the work reported here,
we use the latest data release DR10, but its
spatial coverage is incomplete within the sur-
veyed sky of 78.5 deg2 toward the cluster (see
Figure 1), missing a sky area about 7 deg2 in
the Z and Y bands, 2.5 deg2 in the J band,
and 3 deg2 in the H band, due to poor data
quality (Boudreault et al. 2012). The K-band
observations were taken at 2 epochs to enable
proper motion estimates. The typical proper
motion error of the GCS in our data is about
5 milli-arcseconds (mas) per year. We have
made use of the ZY JHK data, with the de-
tection limits at an error of 0.15 mag Z = 20.5,
Y = 20.3, J = 19.5, H = 18.8, K1 = 18.0, and
K2 = 18.1 mag, respectively, and with the sat-
uration limits Z = 11.3, Y = 11.5, J = 11.0,
H = 11.3, and K1 = 9.9 mag (Lodieu et
al. 2012). The photometric sensitivity of each
band is depicted in Figure 2. Our investiga-
tion is limited to UKIDSS sources with a prob-
ability greater than 70% of being a star, us-
ing the UKIDSS database flag to distinguish
a star from a galaxy, with a photometric er-
ror less than 0.15 mag and being fainter than
J = 12 mag. The sky area of our study, limited
by the UKIDSS/GCS coverage of 78.5 deg2, or
about a 5◦ radius toward Coma Ber, is chosen
as the “cluster region”. In addition, a patch of
sky of a 3◦ radius roughly 11◦ to the east from
the cluster center is used in experimental design
as the “control field”.
3. MEMBERS OF THE COMA BER STAR
CLUSTER
The early work by Trumpler (1938) led to
the identification of 37 members brighter than
photographic magnitude 10.5 within a 7◦ di-
ameter on the basis of proper motions, color-
magnitude relation, and radial velocities. An
additional 7 candidates with no radial-velocity
measurements were also proposed. While the
bright members in Coma Ber display a den-
sity structure similar to those of Praesepe and
the Pleiades (Artyukhina & Kholopov 1966),
there is a paucity of faint members, often at-
tributed to stellar evaporation (Argue & Ken-
worthy 1969). Candidates reported recently
by Casewell et al. (2006, 105 members), Kraus
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Figure 1. UKIDSS/GCS sources (in black) toward
Coma Ber with ZY JKs photometric measure-
ments. No data are available in the blank regions
due to poor image quality flagged by the UKIDSS
quality control. Also shown are the 2MASS sources
(in light blue) within the 5◦ radius of the “cluster
region” of our study. For display clarity, only one
in two sources, selected randomly, is shown.
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Figure 2. Number of UKIDSS/GCS stars in var-
ious bands, for all the stars (the red line) in the
cluster region shown in Fig. 1, and for those with
photometric errors less than 0.15 mag (green) or
0.10 mag (blue).
& Hillenbrand (2007, 149 members) and Mer-
milliod et al. (2008, 31 members) are mostly
bright. The later work by Melnikov & Eislo¨ffel
(2012, 82 stars) expanded the member list to in-
clude late-M spectral types, i.e., into the brown
dwarf regime. The selection by Mermilliod et al.
(2008) included radial velocities for some candi-
dates, but neither Mermilliod et al. (2008) nor
Melnikov & Eislo¨ffel (2012) incorporated proper
motion information into membership determi-
nation.
The age of Coma Ber reported in the litera-
ture ranges from ∼ 300 Myr to 1 Gyr (Tsvetkov
1989, summarized in their Table V), but usually
an age between 400 Myr and 600 Myr is adopted
(Odenkirchen et al. 1998; Kraus & Hillenbrand
2007; Casewell et al. 2014).
3.1. Evolved Members
We analyze evolved members to constrain
the age. In Coma Ber, any post-main se-
quence members are too bright to render re-
liable 2MASS photometry, so we characterize
them with optical photometry. Table 1 lists
the parameters of the five brightest stars in the
region. For 18 Com, a subdwarf F5 IV with a
Gaia distance 59.8 ± 0.4 pc and proper mo-
tions (µα cos δ, µδ) = (−17.57 ± 0.17, 0.68 ±
0.12) mas yr−1 1, its deviation from theoretical
isochrones (shown in Figure 3) suggests that it
is not a part of the cluster. The other four stars
have distance, photometry, and kinematics con-
sistent with membership. The star 12 Com, a
known member, is a double-lined spectroscopic
binary (Griffin & Griffin 2011) consisting of
an A2/A3 dwarf and a mid-typed giant (Abt
(2008, F6 III), Griffin & Griffin (1986, G7 III)).
The coeval age of the binary system 670 Myr
(Griffin & Griffin 1986) and a Gaia distance
84.5± 1.7 pc both indicate membership.
The star 31 Com, a G0 IIIp giant, known to
have varying v sin i (Massarotti et al. 2008), sug-
gestive of binarity, is located at 6.8 deg from the
cluster center, i.e., outside our analysis range,
1 Note URAT1 gives very different proper motions
(µα cos δ, µδ) = (−12.0, 9.3) mas yr−1 with an error
5.9 mas yr−1 in both axes.
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but has photometry, astrometry, and distance
consistent with membership. It has been con-
sidered a member by Casewell et al. (2006) and
by Mermilliod et al. (2008), and is also included
in our member list.
Using the Padova isochrone (Bressan et al.
2012), assuming null reddening (E(B − V ) =
0.006, Nicolet 1981) and solar metallicity (Ne-
topil et al. 2016; Friel & Boesgaard 1992), an
age of 800 Myr gives an overall better fit than
younger ages, as evidenced in Figure 3, where
for each star the absolute magnitude is com-
puted using the Gaia/DR2 parallax and the
apparent magnitude taken from the Bright
Star Catalog, without correction for extinc-
tion or reddening. The fit is considered sat-
isfactory, given the known binarity of 12 Com
and 31 Com, and non-membership of 18 Com.
We therefore conclude Coma Ber to be about
800 Myr old.
3.2. Bright Members
A bright candidate is selected as having
proper motions, from Gaia/DR2 or from
URAT1, within 17 mas yr−1 from (µα cos δ, µδ) =
(−11.21,−9.16) mas yr−1, a range judiciously
chosen to include all known proper-motion
members in the literature. Figure 4 illustrates
how this range encompasses the literature can-
didates. The concentration is more obvious
for the samples of Casewell et al. (2006) and
Kraus & Hillenbrand (2007), which included
proper motions into their membership criteria,
than for those of Mermilliod et al. (2008) or
Melnikov & Eislo¨ffel (2012), which applied no
proper-motion criteria.
Furthermore, a bright candidate is selected as
being brighter than J = 14 mag with photo-
metric errors < 0.15 mag, and along the PAR-
SEC isochrone (Bressan et al. 2012; Chen et
al. 2014; Tang et al. 2014; Chen et al. 2015)
bracketed with a color range (−0.07,+0.3) in
the J versus J − Ks color-magnitude diagram
(CMD), (−0.25,+0.15) in J versus J −H, and
0.2 0.0 0.2 0.4 0.6 0.8
MB MV
2
1
0
1
2
3
M
V
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3114
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Figure 3. The optical absolute MV versus MB −
MV diagram for the brightest stars in the cluster
region. Each number labels the name of a star,
e.g., “12” means 12 Com in Table 1. Also plotted
are the PARSEC isochrones, from top to bottom,
of 300 Myr, 600 Myr, 800 Myr (thick line), and
1,000 Myr. An age of 800 Myr fits the data better
than younger ages.
(−0.07,+0.11) in H versus H−Ks. With these
criteria, binary systems would still be selected.
After excluding 23 candidates, all fainter than
about J ∼ 12 mag, considered as galaxies by
SDSS (class=3), a total of 450 sources satisfy
the initial proper-motion and CMD scrutiny. Of
these, 393 have Gaia/DR2 counterparts.
Figure 5 plots the distance distributions of
(a) all Gaia stars in the cluster region (within
5◦ radius), and all Gaia stars in the control field
(3◦ radius), with a sky area 9/25 of the cluster
region, and (b) the 393 preliminary candidates
with Gaia measurements available. The cluster-
ing around 85 pc stands out clearly, particularly
in (b). The fact that in (b) away from the peak
the number does not increase much with dis-
tance, hence the space volume, in contrast to
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Figure 4. Gaia/DR2 proper motion vector plots for candidates identified by (a) Trumpler (1938),
(b) Casewell et al. (2006), (c) Kraus & Hillenbrand (2007), (d) Mermilliod et al. (2008), (e) Melnikov
& Eislo¨ffel (2012), and (f) Gaia Collaboration et al. (2017). In each case, the black circle marks a radius
17 mas yr−1 centered at (µα cos δ, µδ) = (−11.21,−9.16) mas yr−1, which indicates our selection range for
bright candidates. For display clarify, only one in five field stars, selected randomly, is shown.
the case in (a), indicates an effective winnowing
by proper motions and CMD.
Gaia Collaboration et al. (2017) analyzed a
radius 10.◦4 around Coma Ber, and reported 50
members based on Gaia/DR1 data. All their
members have been confirmed by our selection
(40 within and 9 outside the 5◦ cluster-centric
radius), except BD+27 2139 which should have
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Figure 5. The Gaia/DR2 parallax measurements
of (a) all the stars toward the cluster region, and all
the stars toward the field field, which has a sky area
9/25 or about one-third of the cluster region, and
(b) our 393 preliminary candidates that passed the
proper-motion and isochrone selection. The inset
expands to show the distance range 50–120 pc, in
which most cluster members are distributed.
been in their list but is not, perhaps because
of a glitch in editing (Gaia Collaboration et al.
2017, their Table D.2 containing only 49 entries
though there should have been 50).
To bootstrap the three proper-motion datasets
used in this study, we compare the Gaia/DR2,
URAT1, and UKIDSS/GCS measurements in
the cluster region, shown in Figure 6. The
Gaia/DR2 and URAT1 measurements are con-
sistent with each other, so are used to supple-
ment each other for bright candidates. There is,
however, a systematic offset of UKIDSS/GCS
measurements relative to those of URAT1, com-
puted for all stars with J = 12–15 mag, i.e.,
common in both datasets, (∆µα cos δ,∆µδ) =
(−3.57,−0.61). After the offset is applied,
the UKIDSS/GCS proper-motion vector cen-
ter (−7.64,−8.55) mas yr−1 has been used to
select faint members.
Distance is a critical parameter in member-
ship identification. Although the apparent mag-
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Figure 6. (a) Comparison of URAT1 and
Gaia/DR2 proper motion values, in Right As-
cension (solid line) and in Declination (dashed
line). (b) same as in (a), but of URAT1 and
UKIDSS/GCS
nitude of a star in isochrone fitting, and the
proper motion both incorporate implicitly the
distance criterion, ambiguity exists. In addition
to direct parallax measurements, we have devel-
oped a distance estimator using the photometry
data taken from the PS1, SDSS, Y JHK from
UKIDSS, plus W1, and W2 from WISE. Our
algorithm first estimates the spectral type of a
star. This part is adapted from the photo-type
method developed by Skrzypek et al. (2015), in
which a combination of photometric colors of a
target is compared against a database of tem-
plates of different spectral types, from which
a match is opted, in a least-squares sense, as
the most probable spectral type. The work by
Skrzypek et al. (2015) was devised for late-M,
L, and T type dwarfs only, and we expand the
templates to include earlier spectral types (See
Appendix). Once the spectral type is deter-
mined, the distance is then derived by compar-
ison of the apparent magnitude and absolute
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magnitude in each band, rendering a median
distance when all bands are considered. Our
experiments using different stellar datasets with
spectral types known to be K or M types indi-
cate an accuracy within 1–2 subtypes in most
cases, with the majority of interlopers being ex-
tragalactic or post-main sequence objects, both
expectedly rare in our field. Earlier than K
type, the estimator still works reasonably fine,
albeit with larger scattering, see Figure 7. Cur-
rently no interstellar reddening is taken into ac-
count, and the algorithm is validated only for
main sequence stars. This distance estimator,
which we call phot-d, offers an effective filtering
by distance of stars which would have contam-
inated our member sample by chance inclusion
in proper motion and CMD selection. More de-
tails on phot-d are given in Appendix.
Figure 8 illustrates the J versus J −Ks CMD
toward Coma Ber. Member candidates cho-
sen on the basis of proper motions, distances,
and isochrone discussed above, are marked, to-
gether with those satisfying proper motion and
isochrone but having inconsistent distances,
which would have disguised as contaminants
if no distance information were available. Also
shown is the false positive sample of the control
field processed following the same selection pro-
cedure as for the cluster region. In this analysis,
the distance range has been taken as 50–120 pc
to account for possible uncertainty of the phot-d
distance. It is encouraging that the false posi-
tive rate is low, particularly for the bright can-
didates (& 1 M) Within this distance range,
there are 131 bright Gaia members, averaging
87.0 pc with a standard deviation (dispersion)
8.1 pc.
3.3. Faint Members
For faint stars, we have adopted the proper-
motion vector center (µα cos δ, µδ) = (−7.64,−8.55) mas yr−1
for UKIDSS/GCS, also within a radius of
17 mas yr−1 for membership selection. In ad-
dition, a candidate is selected to be fainter
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Figure 7. (a) phot-d determined distance versus
Gaia measured distance for a sample of preliminary
candidates toward Coma Ber satisfying proper mo-
tions and CMD criteria. The red line with a unity
slope shows equality. Black filled circles mark the
relatively bright stars J ∼ 12–14 mag, and the
blue symbols represent the nearby stars with Gaia
distances closer than 150 pc. (b) The difference
between phot-d and Gaia distances for the nearby
sample in (a).
than J = 12 mag, with photometric errors
< 0.15 mag, and along the DUSTY isochrone
bracketed with a color range (−0.35,+1.2) in
the Z versus Z −K CMD, and (−0.1,+0.5) in
J versus J − K, as shown in Figure 9. The
ranges of colors are chosen deliberately wide to
allow for uncertainties in photometry/color and
also in isochrones. The distance range, as for
the bright sample, is chosen to be 50–120 pc for
either the Gaia or the phot-d distances.
Note that in J versus J − K, often used to
identify substellar objects, the isochrone passes
through populated regions, so such a CMD is
not as discriminating as those involving shorter
wavelengths such as Z versus Z − K for low-
mass objects. Our investigation hence relies
primarily on Z versus Z − K, though for very
cool objects a marked flux suppression some-
times renders detection at neither Y nor Z in
UKIDSS/GCS. For these, analysis with J ver-
sus J −K would be applied. The lesson is that
there are no preferred colors to identify cool ob-
jects, and a combination of CMDs must be iter-
ated. As a comparison, Figure 10 presents how
literature candidates behave in our diagnostic
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Figure 8. (a) 2MASS J versus J −Ks for the bright sample in the cluster region. The gray dots represent
all 2MASS sources. The circles mark the candidates satisfying the proper motion and isochrone criteria, and
further constrained, respectively, by parallax distances (in red filled circles) and those by phot-d distances
(in blue open circles). Those satisfying both proper motion and isochrone selection but otherwise rejected by
distances are represented by black pluses (with Gaia distances) or by green crosses (with phot-d distances.
Stellar masses, as per the PARSEC isochrones, are indicated. (b) The same but for the control sample, with
the same symbols as in (a). The stars that satisfied all criteria of proper motions, isochrone, and distance
here are false positives. Typical errors in 2MASS J −Ks colors are presented as horizontal bars to the right.
2MASS J versus J −Ks and UKIDSS/GCS Z
versus Z−K CMDs, overlaid with several theo-
retical 800 Myr isochrones adopting the average
distance 85 pc. We note that for a nearby clus-
ter such as Coma Ber assuming a single distance
in a CMD would introduce intrinsic scattering
unless absolute magnitudes are plotted (see for
example Figure 3.1). While the bright litera-
ture candidates by and large follow the model
isochrones, the faint ones are discrepant.
Combining the bright (§3.2) and faint (§3.3)
candidates together results in 194 candidates
within the cluster region. This sample is spa-
tially complete, notwithstanding the UKIDSS
voids, and forms the basis of our characteriza-
tion of the cluster. The candidates are listed
in Table 2. The first column gives the running
number. Columns 2 and 3 are the coordinates,
followed by columns 4 to 9 the J mag, its er-
ror, H mag, its error, K mag and its error.
Columns 10 to 12 give the proper motions and
the error. Column 13 lists the distance, fol-
lowed by column 14, the references if the star is
a known literature candidate. The last column
Members in Coma Berenices 11
indicates the data source, where “1” stands for
2MASS photometry (JHKs) plus Gaia/DR2
proper motions, “2” stands for 2MASS pho-
tometry (JHKs) plus URAT-1 proper motions,
“3” stands for UKIDSS/GCS (JHK)
plus Gaia/DR2 proper motions, and “4”
means that JHK photometry and proper
motion are both from UKIDSS/GCS,
with no transformation between 2MASS and
UKIDSS photometric measurements.
Candidates in Table 2 are categorized as
(1) those with parallax distances (No. 1–154);
this is the most reliable member list to our
knowledge to date of the Coma Ber cluster; and
(2) the other 38 with distances estimated by
phot-d (No. 155–192). For sources with parallax
measurements but $/∆$ < 10, their photo-d
distances are adopted. In each category the
entries are in ascending RA order.
The criterion of the ratio $/∆$ > 10 for
Gaia/DR2 data is biased against a distant
source for which $ would be small (so is the ra-
tio) even though ∆$ is already relatively small.
These sources tend to be distributed in the ver-
tical segment of the J versus J − Ks CMD.
They are hence likely background giants and as
such phot-d, valid for dwarfs only, would under-
estimate the distances. At the moment we do
not have an effective method to remove these
individual contaminants from the member list,
except by statistical subtraction by the control
sample.
There are individual objects considered as
member candidates in the literature but outside
the 5◦ radius. A total of 15 have been reaffirmed
by our analysis, including for example 31 Com
presented above as a post-main sequence mem-
ber (§3.1), and two reported by Kraus & Hillen-
brand (2007): HD 111878 with a Gaia distance
85.1 pc, and HD 109390 at 120.1 pc (close to
the limit of our distance range). This selected
sample is spatially incomplete so not included
in further analysis, but is listed in Table 3 for
reference, with the same table format as in Ta-
ble 2, except with no last column because all
data are from 2MASS and Gaia/DR2.
For potential usefulness, we also summarize
in Table 5 the literature candidates rejected by
our selection. The table is in a two-column for-
mat arranging in ascending R.A. order. For
each star, the coordinates, reference for can-
didacy, and an offending code in our analysis
are given: 1=rejection by proper motions, 2=re-
jection by CMD, 4=rejection by distance. The
code is additive, so for example a literature can-
didate having consistent proper motions, but in-
consistent with being a member in CMD posi-
tion and in distance has a code=6.
3.4. Brown Dwarf Members
Any member fainter than Z = 17.3 mag has
a mass less than 0.08 M, and is therefore a
brown dwarf. There are several lines of evi-
dence to further substantiate its brown dwarf
nature. First, late-M, L, and T dwarfs are
known to have UKIDSS colors different from
those of field stars (Hewett et al. 2006), and
all our brown dwarf candidates indeed have col-
ors, shown in Figure 11, consistent with being
M- or L-type objects. Secondly, all these can-
didates have spectral types estimated by phot-d
as being brown dwarfs.
Moreover, while very low-mass objects have
distinctly red W1 −W2 colors (Kirkpatrick et
al. 2011) owing to the lack of methane absorp-
tion at W2 (4.6 µm) relative to the flux at W1
(3.4 µm), their W3 (12 µm) and W4 (22 µm)
fluxes often fall below the sensitivity limits of
WISE unless they are located in the solar vicin-
ity (see for example Scholz et al. 2011).
Among the efforts to identify brown dwarfs in
Coma Ber, the spectroscopic study by Casewell
et al. (2014) led to confirmation of an M9 (their
cbd34, RA=12:23:57.37, Dec.=+24:53:29.0,
J2000, J = 15.94 mag), an L1 (their cbd67,
RA=12:18:32.71, Dec.=+27:37:31.3, J2000,
J = 17.68 mag), and an L2 (their cbd40,
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Figure 9. (a) The J versus J −K CMD as in Fig. 8 with the same symbols, but for the faint sample using
UKIDSS/GCS data. Additional golden dots mark the brown dwarf candidates identified in this work. The
stellar masses as per the PARSEC (the black line) or the DUSTY model (the orange line) are indicated.
Additional isochrones, those of Cond (the blue line) and BT-Settl (the green line), are also shown. (b) The
Z versus Z −K CMD using the same symbols as in (a). One source marked as a purple triangle in (a) does
not appear here because of no detection at Z. For display clarity, only one in every five field stars (as gray
dots), selected randomly, is shown.
RA=12:16:59.89, Dec.=+27:20:05.5, J2000,
J = 16.30 mag) objects, among which cbd40
was disregarded of its membership on the basis
of its brightness and colors. Our candidate list
includes cbd34, but not cbd67 which satisfies
neither the proper motion nor the photometric
criterion, and is therefore a field brown dwarf.
West et al. (2011) compiled a catalog of spec-
troscopic M dwarfs on the basis of the Sloan
Digital Sky Survey DR7. Among the M dwarfs
in our cluster region, 10 satisfy our selection
criteria of proper motions, CMD, and distance,
and indeed have been included in our list.
Table 4 summarizes the properties of the sub-
stellar objects, a subset of the member candi-
dates in Table 2. Following the same identifica-
tion number as in Table 2 in the first column,
the next columns list, respectively, the coordi-
nates, UKIDSS Z, Y , J , H, and K1 magni-
tudes, and then the UKIDSS proper motions.
The last two columns compare the spectral type
determined with spectroscopy, either reported
in the literature or observed by us, and the
spectral type estimated with phot-d. In gen-
eral the spectral typing with phot-d is in agree-
ment within 1–2 subtypes with observations.
This gives us confidence in our phot-d method.
The first six sources in Table 4 are all of late-M
types known in the literature (West et al. 2011;
Casewell et al. 2014), and we have confirmed
their membership. The M9 objects, namely
Members in Coma Berenices 13
0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
J K
2
4
6
8
10
12
14
J
(a)
0.17
0.45
0.65
0.80
1.02
1.35
2.02
2.25
2.29
PARSEC
Kraus & Hillenbrand
2MASS
1.0 1.5 2.0 2.5 3.0 3.5 4.0
Z K
12
14
16
18
20
Z
(b) PARSEC
DUSTY
Cond
BT-Settl
0.06
0.07
0.08
0.09
0.12
0.16
0.20
0.30
0.35
UKIDSS
Figure 10. Color-magnitude diagrams for literature candidates in (a) 2MASS J versus J − Ks and
(b) UKIDSS/GCS Z versus Z − K. Data include those from Trumpler (1938, in plus symbols), Casewell
et al. (2006, open circles) Kraus & Hillenbrand (2007, in cross), Mermilliod et al. (2008, open diamonds),
Melnikov & Eislo¨ffel (2012, in open triangel), Gaia Collaboration et al. (2017, dots), and Casewell et al.
(2005, their BD candidates, star symbols). Also plotted are lines depicting evolutionary models of PARSEC
(in black), Dusty (in orange), Cond (in blue), BT-Settl (in green), and an empirical dwarf sequence from
Kraus & Hillenbrand (2007, in orange). The stellar masses according to PARSEC or Dusty are labeled. For
display clarity, only one in every five UKIDSS field stars (as gray dots), selected randomly, is shown.
Nos. 176, 55, and 130, were the coolest known
members in Coma Ber before our work.
There are a few miscellaneous objects, A, B,
and C listed in Table 4 that are not classi-
fied as member candidates but worth clarifica-
tion. Stars A and B have similar infrared colors
(from Z to WISE W2) as those of known brown
dwarfs, as seen in the two-color diagrams shown
in Fig. 11. Yet, at shorter wavelengths object A
has PS1 measurements gP1 = 19.97 mag, rP1 =
18.73 mag, and iP1 = 17.61 mag, and object B
has gP1 = 20.55 mag, rP1 = 19.30 mag, and
iP1 = 18.03 mag. Compared with the mean val-
ues and standard deviation of the M-type brown
dwarfs in Table 4, gP1 = 21.51±0.56 mag, rP1 =
21.94 ± 0.19 mag, and iP1 = 19.54 ± 0.32 mag,
the two stars stand out significantly brighter.
The phot-d analysis suggests both to be of early-
M types. While binarity of a hot plus a cold
component may explain the brightness inconsis-
tency, we do not have evidence at the moment
as to the nature of either star.
Object C has JHK magnitudes and proper
motions consistent with being substellar, but
has Z and Y magnitudes below the UKIDSS/GCS
limits. It is the only source in the table that
has been clearly detected not only in W1 and
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W2, but also in W3 and W4 (see Figure 12.) It
is likely a galaxy.
3.4.1. Follow-up Spectroscopy
Confirmation spectra of the brown dwarf can-
didates were acquired with Palomar/TripleSpec
or with Gemini/GNIRS. Three targets, No. 159,
A, and B were observed using TripleSpec
(Herter et al. 2008) on 14 December 2016, with
a slit width 1′′. The sky was clear and the ob-
servations were executed at an airmass about
1.20. The standard A-B-B-A nodding sequence
was followed along the slit to record target and
sky spectra. The exposure time per pointing
was 300 s, with a total integration of 1200 s for
each target. Flat-fields and argon lamp spectra
were taken after every set of target observa-
tions. A nearby A0 V star was observed for
each target for telluric correction as well as for
flux calibration.
SPEXTOOL package version 4.1 (Vacca et al.
2003; Cushing et al. 2004) has been used for pro-
cessing of the data taken with TripleSpec, which
includes the pre-processing, aperture extraction
and wavelength calibrations. The individual ex-
tracted and wavelength-calibrated spectra from
a given sequence of observations, each with
their own A0 standard star, were then scaled
to a common median flux and combined us-
ing XCOMBSPEC in SPEXTOOL. The com-
bined spectra were corrected for telluric ab-
sorption and flux-calibrated using the respec-
tive telluric standards with XTELLCOR. All
calibrated sets of observations of a given tar-
get were then median-combined to produce the
final spectrum.
The spectra of candidates Nos. 191 and 160
were acquired by Gemini Fast Turnaround GN-
2017B-FT-18, on 7 and on 11 December 2017,
respectively, both under good sky conditions,
using the cross-dispersed mode of GNIRS (Elias
et al. 2006a,b), covering 0.9–2.5µm simultane-
ously with a resolving power R ∼ 1200. The
short blue camera with 32 lines/mm grating was
selected with a slit width 0.′′45 for No. 191 and
0.′′675 for No. 160. The individual exposure time
under the A-B-B-A nodding sequence was 150 s
for No. 191, and 60 s for No. 160. Three sets
of nodding sequence were observed for No. 191,
and one set was taken for No. 160.
The GNIRS raw data were reduced by PyRAF
using the Gemini and GRNIRS packages. We
first cleaned the pattern noise, radiation events,
flat-field, sky-subtraction, then did the wave-
length calibration by spectra of arc lamps.
Each spectrum was extracted from the com-
bined ABBA exposure files. Telluric absorption
line was removed with two A2 V standard stars
(HIP 58297 and HIP 63006) observed before or
after the observing run.
Each reduced Palomar or Gemini one-dimensional
spectrum was then compared with the low-
dispersion template spectra of brown dwarfs
from SpeX (Rayner et al. 2003), from which the
“best” match, judged by eye examination, was
determined. Three candidates turned out to be
bona fide substellar objects, with one of late-M
(No. 160), one early-L (No. 159), and one mid-L
type (No. 191), shown in Figure 13. The clas-
sification was warranted by the characteristic
absorption features due to methane/water near
1.4 µm.
The Palomar/TripleSpec spectra for objects
A and B are exhibited in Fig. 14, together with
template spectra from SpeX. Both spectra show
the CN band feature near 1.1 µm characteris-
tic of giants and supergiants (Loidl et al. 2001;
Lanc¸on et al. 2007). The Gaia measurements
however yield $ = 2.5 ± 0.2 mas for star A,
and $ = 2.6± 0.3 mas for star B, respectively,
placing each at ∼ 400 pc. Their optical bright-
ness (gP1 ∼ 20 mag) is hence consistent more
with M dwarfs (MV = 9–10 mag) than with
giants (MV ∼ −0.3) (Cox 2000). Further spec-
troscopic observations are required to provide
information on the nature of these two stars,
for example whether they belong to the dwarf
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Figure 11. UKIDSS two-color diagrams of the M (green open circles), L (orange open squares), and T
(purple open triangles) dwarfs in Hewett et al. (2006) in (a) (Z − Y ) versus (Y − J), (b) (Y − J) versus
(J −H), and (c) (J −H) versus (H −K) diagrams. The known M dwarfs from West et al. (2011) (i.e., our
Nos. 6, 55, 130, 155, and 157) are represented by black crosses; the M9 reported by Casewell et al. (2014)
(our No. 176) is marked as a blue diamond. The M brown dwarf and two L dwarfs found by this work
are in black filled circle and in black pluses. Objects A and B are shown as thick red open circles, whereas
object C, having no Z or Y detection, is marked with a golden star symbol.
carbon population, but in any case neither of
them is associated with the cluster.
4. DISCUSSION
4.1. Age of Coma Ber
The age we derive for Coma Ber, ∼ 800 Myr,
is based on consistency of evolved members with
model isochrones (see §3.1), for which no ro-
tation is taken into account. Rotation affects
the equations of stellar structure, and with ele-
vated centrifugal force, acts as reducing the stel-
lar mass, thereby prolonging the main sequence
lifetime and core helium buring phase (Kippen-
hahn et al. 1970). This age is older than the
400–600 Myr often quoted in the literature.
Lithium abundances have been measured for
solar-type members in Coma Ber (Jeffries 1999;
Ford et al. 2001), particularly in the context of
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Figure 12. The WISE W1 to W4 images, from left to right, of object C.
convective mixing in stellar interior in terms of
metallicity versus age, e.g., in comparison with
stars of similar spectral types in the Hyades
and Praesepe, or in the much younger Pleiades
(see for example Ford et al. 2001). With an
older age, it is not clear if the lithium depletion
boundary is still applicable as a chronometer
(Mart´ın et al. 2018). In any case, our candi-
date list contains quite a number of solar-type
or cooler members to shed light on the subject.
4.2. The Shape and Size of the Cluster
Adopting a distance 85 pc, the angular radius
5◦ of the cluster corresponds to a linear radius
∼ 7 pc, to be compared with the tidal radius of
the cluster 6–7 pc (Casewell et al. 2006; Kraus &
Hillenbrand 2007). The Galactic distribution of
our candidates, including those in Table 2 and
Table 3, is illustrated in Figure 15. Given the
high Galactic latitude (` ≈ +84◦) position of
the cluster, the distribution in the X-Y plane,
i.e., the top view on the Galactic plane, resem-
bles that appears in the celestial sphere, e.g., in
right ascension and declination coordinates, for
which members are concentrated within a lin-
ear extent about 15 pc n roughly circular shape.
The effect of mass segregation is clearly mani-
fest, namely, with more massive members (with
larger-sized and lighter-shadowed symbols) con-
centrating more toward the center. The number
of members is markedly reduced beyond∼ 10 pc
radius, indicative that the cluster is not more
extended as projected in the sky than the sky
coverage in our analysis.
However, the situation in the X-Z plane,
namely, the side view of the plane, is differ-
ent. The apparent cone shape from the bottom
upwards is the consequence of our pencil-beam
view, and the longer extent in the Z direc-
tion results from our analysis volume as we
started out with a larger distance range (50–
120 pc) to search for candidates than in the
angular extent in the sky (within 5◦ radius of
the UKIDSS/GCS coverage). That there are
more distant sources beyond ∼ 100 pc than
nearby ones closer than ∼ 60 pc is the conse-
quence of the space volume effect, and hence
many must be false positives. The grouping
between Z ∼ 65–95 pc represents the clus-
ter, with a linear size twice as extended as in
the X-Y plane, stretching toward the Galac-
tic plane. Odenkirchen et al. (1998) reported
a heliocentric space motion for the cluster
(U, V,W ) = (−2.3,−5.5,−0.7) km s−1 with an
error of 0.2 km s−1 in each component. As such,
the motion of the cluster is primarily along V ,
i.e., in the Galactic rotation, and the cluster is
almost at its highest location above the plane.
The prolate spheroidal shape is likely the con-
sequence of the tidal pull by the disk.
4.3. The Statistical Sample of Members
Analysis of the control field (see §3.2) with
the same selection criteria led to 14 false pos-
itives. Considering the sky area of the control
field relative to the cluster region, and assum-
ing the same field distribution toward the clus-
ter region as in the control field, this means
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Figure 13. Spectra of candidates Nos. 159,
160, and 191. Also shown are brown dwarf tem-
plate spectra: M5 (2MASS J01405263+0453302,
Kirkpatrick et al. 2010); M7 (VB 8, Burgasser
et al. 2008); M8 (VB 10, Burgasser et al. 2004);
M9 (LHS2924, Burgasser & McElwain 2006); L1
(2MASSW J2130446−084520, Kirkpatrick et al.
2010); L2 (Kelu-1, Burgasser et al. 2007); L3
(2MASSW J1506544+132106, Burgasser 2007); L4
(2MASS J21580457−1550098, Kirkpatrick et al.
2010); L5 (SDSS J083506.16+195304.4, Chiu et al.
2006); L9 (DENIS-P J0255−4700, Burgasser et al.
2006)
out of the 192 candidates, there are roughly
44 field stars that coincidentally share the same
ranges of proper motions, distances, and color-
magnitude relation as true members, but are
not physically associated with the cluster. Ad-
ditional scrutiny of members against field stars
in the same volume would have to rely on metal-
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Figure 14. Spectra of objects A and B, and tem-
plate spectra of cool stars (Rayner et al. 2009).
Both show the CN feature near 1.1 µm seen also
in the giant and supergiant spectra.
licity or chemical abundances, e.g., Ford et al.
(2001, by lithium abundances). For the faint
sample, no control field is available because of
the limit of the UKIDSS/GCS spatial coverage.
After field subtraction for the bright sample,
plus the entire faint candidate sample, there are
148 members. We emphasize that this is a sta-
tistical sample in the sense that out of the 196
candidates, there are 148 true members, but we
do not know for sure individually which ones
are true members. This is the sample we use to
derive member statistics such as the luminosity
function, mass function, total stellar mass, etc.
In studies of cluster membership, some re-
searchers would assign a membership probabil-
ity for each star, considering its location relative
to the cluster center, proper motions, radial ve-
locity, etc., and decide on a threshold probabil-
ity for membership. As such, the probabilistic
nature has to be taken into account when the
total mass and the luminosity function are de-
rived, e.g., a candidate with an 80% probabil-
ity should have its mass weighted by 0.8 and
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Figure 15. The spatial distribution of member candidates in the Galactic (a) X-Y coordinates, and (b) X-
Z coordinates. The size and shade of the circle symbol represent the mass and the J mag, respectively.
The three spectroscopically confirmed brown dwarfs reported here are labeled. The one encircled with a
dark boundary marks HD 109390, a member proposed by Kraus & Hillenbrand (2007) but with a distance
marginally outside our selection range (see Table 3.)
be counted as 0.8 stars. The uncertainty arises
then if a 0.8 star is really worth twice as a 0.4
star in derivation of cluster parameters. In con-
trast, our analysis exploits a control field to re-
move sample contaminations. The likelihood of
a star as a member in the cluster region de-
pends on the number of false positives in the
control field. As seen in Figure 8, our member
list is highly reliable for almost the entire bright
sample, i.e. for candidates more massive than
∼ 0.1–0.2 M (J . 13 mag), with only a few
false positives.
4.3.1. Luminosity Function and Mass Function
The cluster’s J-band luminosity function is
depicted in Figure 16. For the bright mem-
bers, the luminosity function has been derived
by subtraction of the J-magnitude distribution
toward the cluster region by that toward the
control field. The luminosity function at the
faint end, lacking a control field, is given as is.
This does not affect our result significantly be-
cause each of our substellar candidates has been
examined spectroscopically so contamination is
expected to be low. Moreover, the unique col-
ors at very low masses, e.g., in Z − K in Fig-
ure 9, would result in little field confusion, hence
creditable candidacy. The luminosity function
derived in this work, therefore, is reliable except
for J =14–16 mag which has not been corrected
for field subtraction.
The J-band luminosity function of the cluster
increases with magnitude up to J ∼ 12 mag,
and falls off rapidly toward fainter magnitudes.
In the K-band luminosity of Coma Ber derived
by Casewell et al. (2006), they found a paucity
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around K ∼ 8–12 mag, but otherwise no differ-
ence fainter than K ∼ 12 mag between the clus-
ter and a controlled sample chosen by proper
motions. Our results show no such shortfall.
The present-day mass function of Coma Ber
is exhibited in Figure 17. We convert from
the J magnitude to mass according to PAR-
SEC or, toward the fainter magnitudes, the
AMES-Dusty model, based on the cluster lu-
minosity function shown in Figure 16b. The
number of members increases in general from
high toward low masses until about 0.3 M,
a phenomenon commonly seen in star clusters
or associations (Bastian et al. 2010). A linear
least-squares fit gives a slope, in the sense of
dN/dm = m−α, α ≈ 0.49 ± 0.03, if the two
most massive bins for post-main sequence ob-
jects with uncertain masses are excluded. This
is close to the value reported by Kraus & Hil-
lenbrand (2007) α = 0.6 ± 0.3 for 0.1–1 M,
but much shallower than either the nominal
Salpeter α = 2.35 initial mass function in the
solar neighborhood for 1–10 M, the present-
day mass function of field M dwarfs α ≈ 1.3
for 0.1–0.7 M (Reid et al. 2002), or in nearby
young star clusters or associations α ≈ 1.3 M
(Hillenbrand & White 2004).
Currently the statistics of the substellar pop-
ulation in star clusters are poorly constrained;
less than a handful stellar systems have been
surveyed comprehensively, and even these may
be subjected to contamination. Furthermore,
the age dependence (hence model dependence)
of the spectral type with mass hampers deriva-
tion of a reliable substellar mass function. Mel-
nikov & Eislo¨ffel (2012) derived a mass func-
tion with α ≈ 0.6 from 0.2 M to 0.14 M,
and α ≈ 0 toward lower-masses from 0.14 M
to 0.06 M. The sky area of their analysis,
∼ 2.◦7 in radius, however, covered only part
of the core of the cluster. Moreover, lacking
a control sample, their member list could be
considerably polluted. Among the five photo-
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Figure 16. (a) The J-band magnitude distribu-
tions toward the cluster region (histogram in solid
lines) and toward the control field (in dashed lines).
No control field is available for the faint sample.
(b) The cluster’s luminosity function. It is derived
after field subtraction for the bright sample. For
J=14–16 mag, it is uncertain, thus annotated by
a question mark, because of no field subtraction.
Fainter than ∼ J = 16 mag, field confusion is low,
so the luminosity function is expected to be reliable.
metric brown dwarf candidates these authors
proposed (their Table 2), F9−1134 is not de-
tected by UKIDSS/GCS; C3−250 satisfies the
proper motion criterion, but has an inconsistent
Z − K color; both D3−1251, with (µα cos δ ≈
µδ) ≈ −130 mas yr−1, and G1−3083, with
(µα cos δ, µδ) ≈ (−100,−79) mas yr−1, have
too large proper motions as members. Only
E3−5219 turns out to be an M9 member
(Casewell et al. 2005, 2014), recovered also by
us (No. 176).
For our sample, the mass function below
0.3 M declines monotonically with decreasing
mass, and continues into the substellar regime,
with a slope α = −1.69 ± 0.14, if the anomaly
near 0.1 M corresponding to the unreliable
bin in the luminosity function, is excluded.
This contrasts with the flat slope that Kraus
20 Tang et al.
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Figure 17. The mass function derived by the
cluster’s J-band luminosity function exhibited in
Fig. 16b with mass estimated by the PARSEC or
Dusty models. The data point around 0.1 M, con-
sidered unreliable because of the uncertainty in the
corresponding luminosity function, is labelled by a
question mark.
& Hillenbrand (2007) found in Coma Ber, or
Goldman et al. (2013) derived in Hyades, which
is also an intermediate-age cluster (650 Myr
Perryman et al. 1998). The slopes at the low
masses have been found even to be positive in
some very young star clusters (a few Mys), e.g.,
α = 0.3–0.8 for λ Orionis (Bayo et al. 2011), or
α ∼ 0.5 for ρ Ophiuchi (Luhman & Rieke 1999;
Bastian et al. 2010). However, as we learn in
our study, recognition of true members is sus-
ceptible to field confusion. The situation must
be escalated in star-forming regions where dust
extinction, often variable, becomes excessive.
4.3.2. Dynamical Status
In terms of the number of members, Coma
Ber is definitely underpopulated. As presented
above, of the 192 candidates we identified,
44 are likely field contaminations, leaving 148
members. On the one hand, there may be faint
members in the UKIDSS/GCS void regions, so
not found by us. On the other, the number of
members must decrease if a control sample is
available for the faint sample. Artyukhina &
Kholopov (1966) estimated a core radius 2.6 pc
and a halo radius 7 pc, similar to those of the
Pleiades and Praesepe, both of similar ages, but
Coma Ber contains half the number of members
in the core with a relatively enriched halo pop-
ulation. Adopting the isochrone masses for the
post-main sequence members, the total mass of
the 148 members in Coma Ber is ∼ 102 M.
This is comparable to that Kraus & Hillen-
brand (2007) reported of the 145 members ear-
lier than M6 amounting to a total stellar mass
∼ 112 M, and to that of the 102 M estimated
by Casewell et al. (2006). Given an effective ra-
dius 10 pc within which the majority of the
members are located, the stellar mass density
is 0.024 M pc−3, one order lower than the
threshold of 0.1 M pc−3 necessary to remain
dynamically stable against tidal disruption in
the solar neighborhood (Bok 1934; Lada et al.
1984). With a high Galactic latitude, Coma Ber
has an almost null radial velocity (RV), with an
RV dispersion ≈ 0.5 km s−1 (Odenkirchen et al.
1998). The proper motion data are not accu-
rate enough to estimate the tangential velocity
dispersion, but if we assume a space velocity
dispersion twice as that of the RV, the clus-
ter would have a kinetic energy comparable to
the gravitational energy, again suggestive of a
marginally bound state. Coma Ber therefore
must be disintegrating, evidenced also by its
overall shape stretching along the Galactic mo-
tion of the cluster, and with a distribution of
comoving, escaped stars on average fainter than
members in the core and halo (Odenkirchen et
al. 1998).
5. SUMMARY
We have identified and characterized the stel-
lar and substellar member candidates of the
Coma star cluster on the basis of photome-
try, colors, and proper motions by 2MASS,
UKIDSS, and URAT1, plus distance informa-
tion from Gaia/DR2. Out of the 192 candi-
dates found, after field contamination is con-
sidered, 148 true members are expected. The
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candidate list is largely complete within a 5◦
radius of the cluster, and to our knowledge is
the most reliable to date in the literature. We
have determined the age of Coma Ber to be
about 800 Myr, older than previously adopted.
The cluster has a shallower main-sequence mass
function than in the field. The mass function
peaks around 0.3 M, and decreases rapidly to-
ward the brown dwarf masses. The cluster is
mass segregated, and has a shape elongated to-
ward the Galactic plane, in the process of disin-
tegration. There are nine substellar members,
six known to be of late-M types and we have
confirmed their membership. In addition, three
brown dwarf members have been spectroscop-
ically confirmed to be an M8, an L1 and an
L4, extending from the previously known late-
M type for the first time to the mid-L spectral
type in this elusive star cluster.
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Table 5. Literature Candidates Rejected by Our Analysis
R.A. Decl. Ref.† Rej.‡ R.A. Decl. Ref.† Rej.‡
(deg) (deg) (deg) (deg)
181.094000 24.021440 c 1 186.260417 26.717778 e 1
181.558040 26.780640 c 6 186.268333 23.699444 e 1
181.974620 25.929310 c 4 186.270417 25.312500 e 5
182.081080 21.082720 c 1 186.292250 27.662440 bc 4
182.301833 26.660806 bc 4 186.388750 24.356667 e 7
183.146080 27.494080 c 5 186.391667 25.241111 e 1
183.389280 27.472287 g 7 186.482333 29.127306 b 4
183.433042 27.311437 g 5 186.517083 24.314444 e 1
183.533920 22.840920 c 4 186.522833 26.743972 bc 6
183.582417 25.179611 b 7 186.600040 25.261940 c 6
183.599875 28.354611 b 4 186.655500 22.581500 b 4
183.820542 28.747222 b 4 186.722917 25.731944 e 1
183.824362 27.919314 g 5 186.753375 29.610528 b 2
183.891708 26.261917 bc 2 186.762917 28.546667 e 1
183.955417 27.326944 e 5 186.767917 25.682778 e 5
183.980833 26.949167 e 4 186.785667 27.023028 b 6
184.010417 28.048667 b 4 186.821250 26.355833 e 4
184.079540 26.927080 c 6 186.836565 27.169444 a 4
184.086667 25.306667 e 1 186.859500 24.782500 d 5
184.095167 24.316972 b 4 186.955184 27.991243 g 1
184.121708 23.542472 b 4 186.969417 25.095750 ad 2
184.206000 24.855861 d 5 187.027500 24.293333 e 5
184.233333 25.947778 e 1 187.042083 28.581111 e 1
184.249439 27.334819 g 1 187.067083 26.178889 e 5
184.309167 25.515278 e 3 187.106500 29.898444 d 4
184.335833 25.081667 e 1 187.114625 29.878417 d 7
184.356000 27.242310 c 2 187.142875 23.541833 b 4
184.417917 24.364444 e 5 187.157917 28.096389 e 1
184.434583 25.827778 e 1 187.161250 25.986944 b 6
184.439167 27.295556 e 1 187.181667 24.431111 e 4
184.449167 28.119722 e 5 187.188333 27.189167 e 1
184.461667 23.825278 e 5 187.208667 27.294917 b 6
184.496250 26.535000 e 3 187.270000 25.070000 e 5
184.561710 21.533000 c 4 187.305417 23.794167 e 1
184.574042 23.642444 b 4 187.362667 24.108917 b 7
184.611250 25.883560 c 1 187.375083 29.512722 b 4
184.636255 27.625217 g 7 187.417500 26.332222 e 1
184.677083 24.413333 e 1 187.425670 28.620750 c 6
184.712625 26.323444 d 1 187.436083 25.543194 d 1
184.720833 27.217222 e 1 187.558750 25.028417 ad 1
184.738625 25.886417 bcd 4 187.559167 24.635000 e 1
184.744583 26.058583 cd 2 187.611667 24.893611 e 1
184.771583 26.184556 d 3 187.674715 28.001458 g 7
Table 5 continued
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Table 4. Brown Dwarf Members of Coma Ber and Miscellaneous Objects
No. R.A. Decl. Z Y J H K1 µα cos δ µδ Spectroscopy photo-type
(deg) (deg) (mag) (mag) (mag) (mag) (mag) (mas yr−1) (mas yr−1) (SpT) (SpT)
Brown Dwarf Members
6 181.39774 +25.02538 17.3756 16.3825 15.5315 14.9799 14.4771 −12.9 −9.9 M8a M7
155 181.54707 +26.83880 18.0680 17.2021 16.3201 15.7545 15.3133 −11.3 −5.8 M8a M7
157 182.16738 +26.29052 17.5872 16.8390 16.0885 15.4859 15.0781 −10.2 −22.9 M8a M7
176 185.98912 +24.89141 18.0889 16.9529 16.0646 15.4329 14.9268 −13.5 −5.3 M9b M9
55 185.42258 +21.68386 17.4297 16.5134 15.6511 15.1188 14.6610 −10.6 −8.2 M9a M7
130 188.46503 +31.11809 17.4072 16.4539 15.5926 15.0481 14.5452 −11.3 −8.6 M9a M9
159 182.81209 +23.59442 19.2019 18.0187 16.7868 16.1094 15.4987 1.4 −8.5 L2c L2
160 183.35818 +21.50937 17.6250 16.8178 16.0820 15.4655 15.0643 −13.9 −2.7 M8c M7
191 190.72371 +24.91863 20.2402 18.8068 17.5300 16.6876 15.9625 −13.0 −1.0 L4c L5
Miscellaneous Objects
A 183.19468 +25.50436 17.7934 16.5876 15.9029 15.1508 14.9253 −13.0 2.1 MIII? M1.5
B 188.90996 +23.19031 17.7026 16.8755 15.9585 15.4668 15.1479 −3.0 −7.7 MIII? M3
C 186.48545 +22.78955 · · · · · · 19.1199 17.4459 16.4182 −7.3 −4.6 · · · · · ·
aWest et al. (2011)
b Casewell et al. (2014)
cThis work
Table 5 (continued)
R.A. Decl. Ref.† Rej.‡ R.A. Decl. Ref.† Rej.‡
(deg) (deg) (deg) (deg)
184.785500 25.053222 d 6 187.695833 26.057500 e 5
184.811040 27.930640 c 2 187.751167 26.940306 b 4
184.817750 25.436250 ad 4 187.769917 24.262611 bc 2
184.889206 24.546867 g 7 187.855417 24.541111 e 1
184.945000 27.443611 e 1 187.964583 25.042778 e 1
185.023792 25.910222 d 4 187.989250 25.145139 bc 4
185.101250 25.139444 e 5 188.033708 28.901806 bc 4
185.112083 26.775556 e 5 188.049285 27.115717 g 7
185.131667 24.603889 e 6 188.115000 23.765833 e 1
185.150833 28.451944 e 2 188.157500 24.656944 e 5
185.151250 25.092778 e 5 188.257500 24.654444 e 4
185.185833 27.262500 e 1 188.375792 26.166694 bcd 4
185.226250 25.432222 e 1 188.376292 28.215528 b 4
185.260153 26.367863 g 1 188.380625 24.202528 b 5
185.328735 26.708572 g 5 188.383750 24.773056 e 5
185.337125 32.176444 d 1 188.393750 24.656111 e 1
185.383750 23.754722 e 1 188.475917 27.134639 cd 2
185.582500 25.290833 e 1 188.559250 28.378310 c 2
185.607583 25.317583 d 7 188.695542 24.160472 bcd 2
185.669375 25.669972 d 1 188.751375 30.192667 d 1
185.673040 27.247560 ce 4 188.820958 26.056056 b 5
Table 5 continued
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Table 5 (continued)
R.A. Decl. Ref.† Rej.‡ R.A. Decl. Ref.† Rej.‡
(deg) (deg) (deg) (deg)
185.717670 25.066670 c 2 188.929420 25.922970 c 2
185.740000 24.809167 e 7 189.019330 27.959890 c 2
185.761667 27.645278 e 1 189.142917 25.010639 b 5
185.799958 29.249972 b 5 189.218708 24.024194 d 3
185.839710 21.712560 c 2 189.450710 26.963110 c 2
185.869580 22.848860 bc 3 189.519667 25.855139 b 4
185.880000 23.610556 e 5 189.562250 26.357806 b 3
186.020000 25.563889 e 1 189.730667 25.893917 d 1
186.043208 29.488778 b 4 189.941250 28.299083 d 3
186.070417 24.892500 e 1 189.968458 25.775833 b 4
186.071458 24.324556 abcd 2 190.054167 28.222500 d 1
186.095625 25.915611 d 6 190.103710 27.918310 c 4
186.107540 21.604860 c 4 190.270708 25.704972 d 4
186.111040 25.752140 c 4 190.560620 28.603560 c 6
186.223333 23.718028 bc 4 190.854460 26.785470 c 4
Note— † a: Trumpler (1938), b: Casewell et al. (2006), c: Kraus & Hillenbrand (2007), d: Mermil-
liod et al. (2008), e: Melnikov & Eislo¨ffel (2012), f: Gaia Collaboration et al. (2017), g: Casewell
et al. (2005)
‡ 1: rejection by proper motion, 2: rejection by CMD, 4: rejection by distance (additive)
APPENDIX
A. PHOTOMETRIC SPECTRAL TYPING AND DISTANCE
We have modified the method photo-type proposed by Skrzypek et al. (2015, 2016) for spectral
typing, which then in turn is used for distance estimation. Skrzypek et al. (2015) included spectral
templates from types M5 to T9. To identify cluster members in Coma Ber, we extend to include
main-sequence templates. For types from B2 to M4, the median colors and absolute magnitudes are
taken from Pecaut et al. (2012) and Pecaut & Mamajek (2013), converting their Johnson colors to
the SDSS system by the equations in Jordi et al. (2005). For spectral types later than M7, we adopt
the median colors and absolute magnitudes from Best et al. (2018), using the equations in Hewett
et al. (2006) to convert between 2MASS and UKIDSS systems. For M dwarfs, we use the median
colors from Best et al. (2018) and the absolute magnitudes from Pecaut et al. (2012) and Pecaut &
Mamajek (2013). Table 6, Table 7, and Table 8 list, respectively, these median colors.
The algorithm performs classification by finding the minimum χ2 among spectral templates. Given
an object with photometry mb (b = g, r, i...W2), we define the “reference” magnitude, m(B,t), at the
band B (B = J band, in this study) for each spectral type t by,
m(B,t) =
Nb∑
b=1
mb−c(b,t)
σ2b
Nb∑
b=1
1
σ2b
, (A1)
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where the parameters c(b,t) are the expected colors of each spectral type t listed in Tables 6, Table 7,
and Table 8. The m(B,t) could be regarded as the pseudo-J magnitude for the t spectral type.
Next, the weighted χ2 is derived,
χ2({mb}, {σb},m(B,t), t) =
Nb∑
b=1
(
mb −m(B,t) − c(b,t)
σb
)2 (A2)
For each spectral type t, mb−m(B,t) is the “observed” value while c(b,t) is the expectation. Finally,
the spectral type having the minimum χ2 among all templates is considered the best-fit type for
the target. Figure 18 shows a general consistency with ±2 subtypes between the photo-type results
and those measured by SDSS/DR14. Once the spectral type is determined, the absolute magnitudes
listed in Table 9 are used to estimate the distance for each band. The median value of all bands is
thereby adopted as the distance to the object.
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Figure 18. Differences between phot-d estimated spectral types and SDSS observed spectral types for K
and M (solid lines) and for B–G dwarfs (dashed lines). Only stars above the Galactic latitude 60◦ have been
selected to minimize the effect of interstellar reddening.
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Table 6. Stellar Colors from B2 to M4
SpTy g − r r − i i− z z − J J −H H −Ks K −W1
B1.5 −0.330 −0.397 −0.169 0.168 −0.132 −0.05 0.035
B2 −0.289 −0.369 −0.166 0.232 −0.113 −0.027 0.036
B2.5 −0.277 −0.357 −0.167 0.266 −0.105 −0.025 0.036
B3 −0.259 −0.347 −0.166 0.289 −0.098 −0.022 0.036
B4 −0.246 −0.338 −0.166 0.305 −0.092 −0.018 0.036
B5 −0.238 −0.331 −0.166 0.326 −0.089 −0.021 0.036
B6 −0.222 −0.320 −0.164 0.348 −0.081 −0.009 0.035
B7 −0.211 −0.313 −0.165 0.368 −0.077 −0.003 0.035
B8 −0.192 −0.299 −0.163 0.395 −0.067 0.007 0.034
B9 −0.153 −0.273 −0.157 0.449 −0.05 0.02 0.032
B9.5 −0.132 −0.259 −0.154 0.483 −0.044 0.024 0.031
A0 −0.087 −0.238 −0.146 0.512 −0.032 0.032 0.03
A1 −0.047 −0.217 −0.139 0.520 −0.024 0.034 0.03
A2 −0.011 −0.193 −0.127 0.537 −0.01 0.04 0.029
A3 0.005 −0.184 −0.123 0.558 −0.002 0.032 0.029
A4 0.057 −0.155 −0.107 0.583 0.022 0.038 0.029
A5 0.078 −0.144 −0.100 0.598 0.031 0.039 0.029
A6 0.088 −0.138 −0.099 0.606 0.036 0.044 0.029
A7 0.130 −0.116 −0.085 0.633 0.055 0.045 0.029
A8 0.172 −0.092 −0.072 0.660 0.075 0.045 0.028
A9 0.177 −0.089 −0.070 0.663 0.078 0.042 0.028
F0 0.219 −0.066 −0.057 0.699 0.098 0.042 0.028
F1 0.262 −0.043 −0.042 0.694 0.119 0.051 0.028
F2 0.304 −0.019 −0.029 0.710 0.14 0.05 0.028
F3 0.320 −0.011 −0.024 0.720 0.147 0.053 0.028
F4 0.345 0.003 −0.015 0.737 0.159 0.051 0.028
F5 0.373 0.018 −0.004 0.740 0.173 0.057 0.028
F6 0.419 0.041 0.010 0.755 0.199 0.061 0.028
F7 0.446 0.054 0.019 0.772 0.213 0.057 0.027
F8 0.466 0.064 0.025 0.779 0.225 0.065 0.027
F9 0.488 0.074 0.034 0.791 0.237 0.063 0.027
G0 0.534 0.096 0.051 0.805 0.262 0.068 0.027
G1 0.542 0.100 0.053 0.806 0.267 0.073 0.027
G2 0.588 0.119 0.070 0.853 0.293 0.077 0.028
G3 0.598 0.124 0.073 0.841 0.299 0.071 0.028
G4 0.611 0.129 0.077 0.847 0.307 0.073 0.028
G5 0.617 0.131 0.080 0.840 0.31 0.08 0.028
G6 0.640 0.141 0.087 0.865 0.324 0.076 0.028
G7 0.649 0.145 0.092 0.863 0.329 0.081 0.028
G8 0.672 0.155 0.099 0.888 0.342 0.078 0.028
G9 0.712 0.171 0.113 0.904 0.365 0.085 0.029
K0 0.751 0.186 0.130 0.9189 0.387 0.093 0.03
K1 0.781 0.199 0.139 0.835 0.402 0.098 0.03
K2 0.832 0.222 0.164 0.966 0.432 0.098 0.031
K3 0.934 0.266 0.209 1.024 0.49 0.11 0.034
Table 6 continued
38 Tang et al.
Table 6 (continued)
SpTy g − r r − i i− z z − J J −H H −Ks K −W1
K4 1.074 0.344 0.284 1.051 0.544 0.126 0.039
K5 1.139 0.384 0.315 1.067 0.568 0.132 0.042
K6 1.250 0.459 0.357 1.105 0.601 0.149 0.049
K7 1.351 0.539 0.374 1.174 0.622 0.168 0.06
K8 1.384 0.578 0.371 1.211 0.623 0.177 0.081
K9 1.417 0.617 0.368 1.237 0.625 0.185 0.101
M0 1.451 0.657 0.365 1.284 0.626 0.194 0.122
M0.5 1.497 0.730 0.348 1.343 0.62 0.21 0.13
M1 1.520 0.838 0.295 1.456 0.613 0.227 0.137
M1.5 1.531 0.891 0.273 1.522 0.607 0.233 0.105
M2 1.545 0.954 0.245 1.610 0.6 0.23 0.11
M2.5 1.568 1.055 0.208 1.818 0.589 0.151 0.117
M3 1.591 1.1416 0.182 1.799 0.579 0.281 0.122
M3.5 1.650 1.339 0.141 2.049 0.558 0.272 0.132
M4 1.702 1.454 0.126 2.175 0.557 0.283 0.139
Note— Stellar median colors from Pecaut et al. (2012) and Pecaut & Mamajek (2013).
Photometric systems are in SDSS, 2MASS, and WISE.
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Table 7. Colors of M dwarfs
SpTy g − r r − i i− z z − y y − J J −H H −Ks Ks −W1 W1−W2
M0 1.19 0.67 0.31 0.17 1.12 0.66 0.18 0.1 0.02
M1 1.22 0.85 0.39 0.2 1.14 0.64 0.21 0.12 0.07
M2 1.21 1.02 0.46 0.23 1.16 0.62 0.22 0.12 0.12
M3 1.21 1.22 0.55 0.27 1.2 0.6 0.24 0.14 0.16
M4 1.23 1.46 0.67 0.32 1.25 0.59 0.26 0.16 0.18
M5 1.31 1.88 0.87 0.44 1.34 0.59 0.31 0.19 0.21
M6 1.33 2.13 0.98 0.51 1.4 0.6 0.33 0.21 0.22
M7 1.4 2.55 1.2 0.67 1.54 0.63 0.39 0.22 0.23
M8 1.53 2.7 1.38 0.81 1.66 0.68 0.43 0.26 0.23
M9 1.79 2.58 1.44 0.92 1.77 0.71 0.48 0.31 0.26
Note— Stellar median colors of M dwarfs from Best et al. (2018). Photometric systems are
in PS1, 2MASS, and WISE.
Table 8. Median Colors of Brown Dwarfs
SpTy i− z z − Y Y − J J −H H −K K −W1 W1−W2
M5 0.91 0.47 0.55 0.45 0.32 0.11 0.17
M6 1.45 0.6 0.67 0.53 0.39 0.22 0.21
M7 1.36 0.55 0.68 0.54 0.38 0.17 0.2
M8 1.68 0.69 0.79 0.56 0.44 0.19 0.22
M9 1.86 0.79 0.87 0.59 0.49 0.22 0.23
L0 2.01 0.86 1.04 0.63 0.54 0.29 0.27
L1 2.02 0.88 1.11 0.67 0.58 0.33 0.28
L2 2.04 0.9 1.18 0.73 0.63 0.4 0.28
L3 2.1 0.92 1.23 0.79 0.67 0.48 0.29
L4 2.2 0.94 1.27 0.86 0.71 0.56 0.3
L5 2.33 0.97 1.31 0.91 0.74 0.65 0.32
L6 2.51 1.0 1.33 0.96 0.75 0.72 0.36
L7 2.71 1.04 1.35 0.97 0.75 0.77 0.41
L8 2.93 1.09 1.21 0.96 0.71 0.79 0.48
L9 3.15 1.16 1.2 0.9 0.65 0.79 0.57
T0 3.36 1.23 1.19 0.8 0.56 0.76 0.68
T1 3.55 1.33 1.19 0.65 0.45 0.71 0.82
T2 3.7 1.43 1.18 0.46 0.31 0.65 0.99
T3 3.82 1.55 1.18 0.25 0.16 0.59 1.19
T4 3.9 1.68 1.17 0.02 0.01 0.55 1.43
T5 3.95 1.81 1.16 −0.19 −0.11 0.54 1.7
T6 3.98 1.96 1.16 −0.35 −0.19 0.59 2.02
T7 4.01 2.11 1.15 −0.43 −0.2 0.7 2.38
T8 4.08 2.26 1.15 −0.36 −0.09 0.9 2.79
Note— Stellar median colors of brown dwarfs from Skrzypek et al. (2015)
and Skrzypek et al. (2016) Photometric systems are in SDSS (Vega),
UKIDSS, and WISE.
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